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Abstract Introduction

lon thruster total impulse capability is limited, in The recent success of the NSTAR (i.e. NASA
part, by accelerator grid sputter erosion. A developmerolar Electric Propulsion_é&chnology _Avplications
effort was initiated to identify a material with a lower Readiness Program) 30 cm ion thruster system on the
accelerator grid volumetric sputter erosion rate thameep Space 1 mission has demonstrated the viability of
molybdenum, but that could utilize the present NSTARion propulsion for deep space missidAsThis success
thruster grid design and fabrication techniques to keepas also made ion propulsion a potential candidate for
development costs low, and perform as well agther deep space missions, such as the Comet Nucleus
molybdenum optics. After comparing the sputterSample Return, Mercury Orbiter, Neptune Orbiter,
erosion rates of several atomic materials to that ofitan Explorer, Europa Lander, and others. However,
molybdenum at accelerator voltages, titanium wasnany of these missions require increasing the thruster’s
found to offer a 45% reduction in volumetric erosiontotal impulse capability beyond the demonstrated 8200
rates. To ensure that screen grid sputter erosion rat@surs at 2.3 kW.Extending this capability is limited, in
are not higher at discharge chamber potentials, titaniumpart, by charge-exchange sputter erosion of the
and molybdenum sputter erosion rates were measurettcelerator grid:* Although the thruster’s total impulse
at these potentials. Preliminary results showed only aapability is greater than that demonstrated at 2.3 kW
slightly higher volumetric erosion rate for titanium, so for 8200 hours, it is unclear whether the thruster’s
that screen grid erosion is insignificant. A number ofmolybdenum optics can achieve the 50-300% increases
material, thermal, and mechanical properties were alsm total impulse anticipated for these ambitious
examined to identify any fabrication, launch missions!?
environment, and thruster operation issues. Several Changing the ion optics material to one with a
titanium grid sets were successfully fabricated. Alower volumetric sputter erosion rate is one of several
titanium grid set was mounted onto an NSTAR 30 cmmethods that can be used to reduce accelerator grid
engineering model ion thruster and tested to determinerosion. To date, there has been considerable effort in
optics performance. The titanium optics operateddeveloping carbon-carbon optics because of their
successfully over the entire NSTAR power range of 0.5ignificantly reduced volumetric sputter erosion rate,
to 2.3 kW. Differences in impingement-limited and because of other material benefits such as light
perveances and electron backstreaming limits wereeight, high strength, and low thermal expansion.
found to be due to a larger cold gap for the titaniumUnfortunately, 30 cm carbon-carbon optics have not
optics. Discharge losses for titanium grids were loweperformed as well as molybdenum optics, have
than those for molybdenum, likely due to a slightlygenerally been costly, and have required long lead
larger titanium screen grid open area fraction. Radialimes for fabrication.
distributions of beam current density with titanium A development effort was, therefore, initiated to
optics were very similar to those with molybdenumidentify another material with a lower volumetric
optics at all power levels. Temporal electronsputter erosion rate than molybdenum, and to develop
backstreaming limit measurements showed thathese ion optics at a low cost with a performance
titanium optics achieved thermal equilibrium faster thansimilar to that of molybdenum. This paper reports on
molybdenum optics. the preliminary results of this development effort,
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including the material selection process and initial . Vg
performance measurements. ErosionRatio= yMo (2)
Er
Material Selection is plotted as a function of xenon energy where the

sputter yields of a material and molybdenum were

To keep development costs low, the candidaténeasured within the same investigation. This aided in
material must utilize the NSTAR thruster grid designehmlnatmg some experimental inaccuracies since this
and fabrication techniques, both of which are brieflyrat'o requires accurate relative sputter yields and not
described in the first section. The sections thereaftefCcurate absolute yields. Sputter yield data were
describe the process used to select titanium. Materi&ib}a'”ed from Rosenberg and V\/_er?rmno_l Blandino et
properties are also examined to determine if titaniun@l- Only materials with volumetric erosion rates lower
could be fabricated, operated, and would survive launcHan molybdenum are shown in Fig. 1.

loads. As the figure shows, there are a number of
materials with erosion rates lower than molybdenum.
Optics Design and Fabrication Process Of the metals listed in the figure, zirconium, vanadium,

The NSTAR 30 cm ion thruster uses two gridsa”d beryllium were not considered because of their

made of perforated, domed molybdenum. The griotoxicity. Carbon-carbon and niobium were also not

dome shape is hydrostatically formed, a proces§onsidered because they cannot be made with the
developed by NASA in 1972and the apertures are €Xisting grid fabrication process.

photo-chemically etched. The dome shape mitigates An austenitic stainless steel would have to be used
material buckling under thermal stresses during thrustef! Place of iron because of iron’s excessive corrosion at
operation, and offers mechanical stiffness undeftmospheric conditions and its magnetic properties,
vibrational loads during launch. Photo-chemical etchingVhich could negatively impact the discharge chamber
provides a cost-effective method of machining larggMagnetic circuit. However, an earlier study that utilized

numbers of apertures to precise tolerances. stainless steel grids on a 30 cm ion thruster determined
that this material buckled under thermally-induced
Sputter Erosion — Accelerator Grid stresse8.As a result, stainless steel (or iron) was not

The sputter erosion rates of several atomicconsidered.
materials were compared to that of molybdenum to  itanium, however, appeared to be an excellent
identify materials with low volumetric sputter erosion c@ndidate grid material. It could be made with the
rates. Alloys were not considered here because thef¥iSting grid fabrication process and offered a 45%
sputter yields are generally unknown. Accelerator grioreduct!on in volumetric erosion rates at accelerator grid
erosion is primarily from charge-exchange ions atPotentials.
energies approximating accelerator grid voltages. For ) )
the NSTAR thruster, these voltages are 150-250 \V/Sputter Erosion — Screen Grid _
Erosion rates due to sputtering from xenon were If titanium ion optics are to be C(_)ns_|dered, screen
examined at energies between 100 and 600 eV. T_grld sputter erosion rates myst not limit t_hru;ter total
simplify calculations and material comparisons, On|y|mpulse capability. Sputter yield data for t_|tan|L_Jm and
sputter yield data for a normal angle of incidence werdnolybdenum by xenon at these low potentials .28
considered because these data are commonly availab) areé not available for comparison. Although
A volumetric sputter erosion rate was calculated fortheoretically- and empirically-derived models could be
each material, which is determined by the sputter yiel@sed, these results were not considered in this study

divided by the number density of the material: since there are no known experimental data to confirm
them.
Y _YIM . .
Vg =—= @) To compare volumetric sputter erosion rates at
e eNa these low potentials, titanium and molybdenum sputter
m erosion rates were measured at thruster discharge

where \g; is the material volumetric erosion rate per cpamber potentials in a simple xenon discharge. The
incident ion, Y is the material sputter yield, m is theexperimental setup, shown in Fig. 2, included an anode,
material atomic masg, is the material density, M is the a hollow cathode surrounded by an enclosure, and a
material atomic mass in amu, and, M Avogadro's  paffle located 1.5 cm downstream of the cathode that
number. _ acted as the sputtering target. The baffle was a 3.4 cm
Because sputter yields tend to vary fromdiameter disk made of either titanium or molybdenum.
investigation to investigation, a material's erosion ratiODischarge and keeper currents were set to 13.0 A and
which is defined as the volumetric erosion of a materiab 5 A, respectively. The entire discharge was operated
divided by the volumetric erosion of molybdenum: in a Cryogenica”y_pumped fac|||ty that had a base
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pressure of 4510° Pa (3.410” Torr) and an operating This grade of titanium was selected for its superior
pressure of 156102 Pa (1.%10“ Torr). mechanical strength and availability.
Typical anode and keeper voltages were about 21 There are a number of practical considerations
V and 8.2 V, respectively, relative to cathode potentialregarding material cost and size availability that were
Since the plasma potential near the baffle was likelfgxamined. Titanium comes in larger sheet widths than
near anode potentials, the baffle was biased 10 V beloWiolybdenum (i.e. 61.0 cm for molybdenum versus 91.4
cathode potential to increase xenon ion energies into thm for titanium) so that larger diameter optics can be
range of those for an NSTAR discharge chamber. Thighade. Titanium is also 80% cheaper than molybdenum.
baffle bias also repelled electrons and, thereforeHowever, the NSTAR screen grid thickness would have
enabled ion current measurements. to be increased by about 7% for titanium because this
Baffle ion currents were 150-162 mA. Baffle increased size is more readily availability.
volumetric erosion rates were determined by measuring
the baffle mass loss after a total accumulated operatinigabrication Issues
time of at least 20 hours, and then dividing by the  The two concerns regarding the fabrication of
baffle’s material density to convert to a volumetric loss titanium grids were photo-chemical etching and grid
The varying baffle current was accounted for byforming characteristics. Titanium is corrosion resistant,
dividing this volumetric loss rate by the baffle current. @ characteristic that makes it difficult to etch.
Initial test results indicate that the volumetric Fortunately, there had been a need by other industries
erosion rate of titanium is 17% higher than that of(e.g. medical industry) to develop photo-chemical
molybdenum at discharge chamber potentials. A postetching techniques for titanium. As a result, vendors
test analysis of a 30 cm NSTAR ion thruster that wagvere identified that could photo-chemically etch this
operated for 8200 hours at 2.3 kW only found a slightmaterial.
chamfering of the upstream screen grid apertures from Titanium must be ductile enough to be
sputter erosion.The chamfering depth, however, never hydrostatically formed. The usual measure of material
exceeded 11% of the grid thickness. Therefore, giveguctility is elongation, which is listed in Table 1 for
molybdenum’s low screen grid erosion at dischargdoth molybdenum and titanium. As the table shows,
chamber potentials, the 17% higher volumetric erosiofitanium is 2.5-3x more ductile than molybdenum, so
rate for titanium is insignificant. that ductility should not be an issue. However, the high
This result is, however, preliminary due to aYield strength and low elastic modulus of this grade of
number of parameters that remain to be examined. Fdtanium results in a greater spring-back following
example, although the base pressure was low enougtydrostatic forming. Titanium was calculated to spring-
and the baffle current high enough to preclude residudlack twice as much as molybdenum, however, spring-
gases in the facility from affecting sputter erosion rateshack values were within 10% of the final domed height,
it is unknown how much material from cathode and, therefore, considered insignificant.
potential surfaces was sputtered onto the baffle.
Furthermore, the energy of incoming xenon ions wadaunch Issues
not accurately known since no plasma potential The two spacecraft launch issues examined were
measurements were made near the baffle and since tW@ration-induced stresses and optics mass. The two
multiply-charge xenon ion content was not measuredvibration-induced stress issues considered were grid

These issues should be further investigated. plastic deformation and movement. The analysis of
vibration-induced stresses and grid movement was
Material Properties Analyses complicated by two facts: 1) the shape of the grid will

A number of material, thermal, and mechanicalnot necessarily be spherical under these stresses; and 2)
properties were examined to identify any fabricationthe grids are perforated. As a result, straightforward
launch environment, and thruster operation issues. Thealculations were not possible. However, simple
analyses of the following sections do not represent gomparisons could be made between molybdenum and
complete investigation of the aforementioned topicstitanium since the grid geometry would be similar and
They are only intended to determine, in general, théhe g-load would be the same for each material.

suitability of titanium for ion optics. Plastic deformation occurs when the vibration-
induced stress exceeds the elastic limit stress. Since the
Material Properties elastic limit stress is not typically given in literature, the

Material properties for molybdenum and titaniumyield strength at 0.2% offset, listed in Table 1, was
are listed in Table 1. Molybdenum properties are thosgised. Grid movement is a function of grid geometry and
for the grids on the NSTAR thruster. Titanium @ grid material’s vibration-induced stress, elastic
properties are those for a commercially-pure titaniunmodulus, and Poisson’s ratio. Grid vibration-induced
grade with high iron and oxygen impurity contents.stresses are functions of the grid geometry, the g-load
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encountered during vibration, and the material densityinclude buckling, grid deformation, and plastic
However, grid geometries and Poisson’s ratios areleformation.

similar, and g-loads are the same for both titanium and  During thruster operation, the grids will deform
molybdenum. Noting that the vibration-induced stresseslue to thermally-induced stresses, which could induce
are directly proportional to the material density, abuckling and plastic deformation. The amount of
vibration-induced plastic deformation ratio can be usedhermally-induced  deformation  affects  thruster
to compare these materials. This ratio is defined as theperating parameters such as beam divergence, and,
vibration-induced stress divided by the vyield strengththerefore, thrust. Grid buckling and plastic deformation

and then normalized for molybdenum: can both prevent proper thruster operation and
. g o oMo permanently damage the optics. The amount of grid
PlasticDeformation Ratio= —2 3—— = —[3 ;IO (3) deformation is a function of grid geometry, temperature

distribution, and material thermal expansion. Noting
where =, and <, are vibration-induced stress and thethat grid geometries are similar for both titanium and
yield stress at 0.2% offset, respectively. A gridmolybdenum, titanium grid deformation can be
movement ratio can be used to compare these materiatfgmpared to that of molybdenum by comparing their
where this ratio is defined as the vibration-inducedthermal expansion coefficients and assuming similar
stress divided by the elastic modulus, E, and thememperature distributions for both materials. Using

normalized for molybdenum: values from Table 1, titanium will thermally deform
] Oy dEMO pdgMO 1.8x more than molybdenum.
Grid MovementRatio= oM E AT (4) Grid buckling can occur if thermal stresses are
vib

) . i _greater than the critical buckling stress. Grid thermal
For both ratios, a material is at less risk of plasticstresses are functions of the grid geometry, temperature
deformation and will exhibit less grid movement thangistribution, material elastic modulus, Poisson’s ratio
molybdenum for ratios less than 1. Using materialang material thermal expansion. The critical buckling
properties listed in Table 1, titanium was found to havestress is a function of grid geometry, Poisson’s ratio,
a plastic deformation ratio of 0.60 due to its low density;nd  material elasticity modulus. Noting that grid
and high yield strength, but a grid movement ratio ofyeometries and Poisson’s ratios are similar for both
1.4 due to its low elastic modulus. Titanium is, titanium and molybdenum and assuming similar

therefore, at less risk of plastic deformation bytemperature distributions for both materials, thermally-
vibration-induced stresses. However, titanium grids willingyced stresses are directly proportional to:

move more under comparable launch loads. It is unclear
H H H H : O-therm U E e (5)

whether this increased grid movement for titanium will
present a problem.

Since grid geometries for both materials Wereb i : . tional to.
similar, comparisons of molybdenum and titanium uckiing stress 1S proportional to-.
optics masses were made by comparing material _ Ocr .D E _ (6)
densities. Titanium offers a 56% optics mass reductiowvhere ¢, is the thermally-induced buckling stress. A

where ¢ em is the thermal stress and ¢ is the material
linear thermal expansion coefficient. The critical

over molybdenum. buckling parameter can be established:
— O-therm
Thruster Operation Issues BP= o ()

. . cr
lon thruster optics are operated at high VOItage?/vhere buckling occurs only if the buckling parameter,

and elevated temperatures. As a result, thermaépy is greater than 1. Titanium can, therefore, be
response, electrostatic pressure, interference with the

discharge chamber magnetic circuit, and grid clearin ¢ompared to molybdenum by calculating a ratio of the

) . : %uckling parameters:
issues were investigated. Vo

MacRae, et dl.presented grid temperatures for a Buckling Ratio= BP _Oem 9 _ @ )
30 cm J-Series ion thruster operating at a 350 W BP" o, ope, o'

discharge power (which is similar to NSTAR i0n \yhare candidate material has a greater probability of
thruster operation at full power) with no beam, jing than molybdenum only if the ratio is greater
extraction. At equilibrium conditions, temperatures atyon 1 for a given grid geometry and temperature

the centers of the screen and accelerator grids were 393.tripution. Using values from Table 1, this ratio was
°C and 292 °C, respectively, with a 61 C° temperaturg ey jated to be 1.8. Titanium is, therefore, at a greater

difference. During start-up, this temperature difference ) o buckling than molybdenum. This is not
was as large as 130 °C. Due to these high temperatureg, yrising since molybdenum has a very small thermal

temperature differences, and the close grid spacing,nansion coefficient. Although later sections will
three thermo-mechanical issues were examined. They,o\w that there were no indications of thermally-
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induced buckling up to the NSTAR high power level ofgrid shorts become more effective with titanium’s
2.3 kW, buckling should be considered at higher powehigher thermal expansion.
levels where grid temperatures and, therefore,
thermally-induced stresses are higher. Test Setup and Procedures

Grid plastic deformation occurs when the
thermally-induced stress is greater than the elastic limiTitanium Optics
stress. Since the elastic limit stress is not typically given  Several titanium grid sets (i.e. matching screen and
in literature, the yield strength at 0.2% offset will be accelerator grids) were successfully fabricated. A
used. Thermal stresses are directly proportional to thphotograph of some titanium grids is shown in Fig. 3.
material elasticity modulus and linear thermalThese grid sets were fabricated in two separate lots,
expansion coefficient, as defined above. A thermallywith the same screen grid material batch and different
induced plastic deformation parameter can beaccelerator grid material batches used for each lot. The

established: first fabrication lot had a production yield of 40% while
O rerm the second had a yield 67%. No differences in
PDP:—O (9) fabrication lots due to differing accelerator material
] ) y ] batches have presently been discerned.
where plastic deformation occurs only if the thermally- Screen grid aperture diameters were within a 4-

induced plastic deformation parameter, PDP, is greatefqos, range of the nominal diameter, which is higher

than 1. Titanium can, therefore, be compared tQnap the 3% range typical of molybdenum screen grids.
molybdenum by calculating a ratio of the of the plasticaccelerator grid aperture diameters were within a 13-

deformation parameters: 24% range of the nominal diameter, which is higher
PlasticDef i Ratio= PDP _ El a)° than the 9% range typical of molybdenum accelerator
asticDetormation Ratio= PDP™ 0. E" g grids. Accelerator apertures were also found to be

y (10) slightly non-circular under microscopic examination. It

L i ) . is speculated that the large variability of the grid
where titanium has a greater risk of plastic deformat'o%perture diameters and the non-circular apertures may

than molybdenum if thg rati_o is greater than 1. Usingye the result some aspect of the chemical etching
values from Table 1, this ratio was calculated to be O-Sprocess. It is interesting to note that the most

Titanium is, therefore, at a lesser risk of thermally-y opiematic grid (i.e. the accelerator grid) had the
induced plastic deformation than molybdenum due G iest apertures etched in the thickest material.
titanium’s high yield strength and low elastic modulus. The screen and accelerator grids used for the

To determine if the potential difference betweenyogiing described in this paper had open area fractions
the grids could induce significant grid movement, ot were 6% and 4% larger than the nominal NSTAR
electrqstanc pressure was exam_med._ With a WOrse-CagRsigns, respectively. These optics were mounted onto
condition of a 1500 V potential difference and any, NSTAR thruster mounting ring assembly, shown in

unusually small 0.254 mm grid spacing, the resulting:ig_ 3. Although the grid cold gap along the outer

electrostatic pressure was determined to be 152 Pﬁ’erimeter of the active area was set to that of the

(0:022 psi). This was calculated to [nduce insignificantNSTAR design, the active area mid-radius and center

grid movement, even when material properties Wer g gaps were measured to be about 23% larger. This

mod|f!ed to a,ccount for g_”d perforaudﬁ. is believed to be the result of higher screen grid yield
Titanium's ~ magnetic  properties  were  als0 5 tensile strengths, which could have caused the grid

examined to determine their effect on the dischargg, gpring-hack more than the accelerator grid during
chamber magnetic circuit. As shown in Table 1, bo”hydrostatic forming.

titanium and molybdenum are weakly paramagnetic,
and, therefore, have no impact on the thruster magnetig,,,ster

Gircuit. . . Operating Procedures

During long periods of thruster operation, Sputter- ~ rhe titanium optics were mounted onto an NSTAR
deposited material, in part from the accelerator gridgg ¢y engineering model ion thruster which is shown
will cause electrical shorts between the grids and causg i 4 and described in detail in ref. 12. This thruster

high voltage recycles. It is anticipated that titanium'sp,q accumulated about 1000 hours of operation with
lower thermal conductivity, higher resistivity, and molybdenum optics.

lower vaporization temperatures would allow larger- The thruster was powered by a power console
sized titanium contaminants to be electrically cleareQyagcribed in ref. 13 that allowed the thruster to be
than those for molybdenuth. Furthermore, use of i ouieq up to 2.3 kW. A high purity gas feed system
thermally-induced grid displacement techniques to cleay, ;5 ysed to provide xenon to the discharge cathode,

Ground Support Equipment, and
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discharge chamber, and neutralizer through separafer comparison. Impingement-limited perveance
mass flow controllers. voltages are also plotted in Fig. 5 as a function of beam
Testing was conducted in Vacuum Facility 5 at thecurrent. The impingement-limited perveance voltages
NASA Glenn Research Center. The facility is 4.6 m inwere derived from plots of accelerator current as a
diameter and 19.2 m in length. Although the facility canfunction of total voltage, shown in Fig. 6, where the
be pumped by 19 oil diffusion pumps and a cryogenicslope was -2 mA/100 V. As Table 3 demonstrates, the
pumping system, only 14 oil diffusion pumps were usedmpingement-limited perveance voltages for titanium
during these tests. The calculated pumping speed witbptics were greater than those for titanium optics by a
xenon was approximately 95,000 I/s, with a facility factor of 1.11-1.15. The electron backstreaming limit
base pressure of XI0* Pa (1.%10° Torr) and Wwas determined by lowering the magnitude of the
background pressures as high as<I®' Pa (5.%¥10°  accelerator grid voltage until the beam current
Torr) at a 2.3 kW thruster input power. increased by 1 mA. The magnitude of the electron
During thruster operation, voltages and currentdackstreaming limit voltages for titanium optics were
were measured with digital multimeters. At each bean®.91-0.93x those for molybdenum optics.
current, the radial beam current density distribution was ~ These performance differences are likely due to the
measured with a button probe located 1.0 cniarger cold gap of the titanium optics at the active area
downstream from the accelerator grid center. The probeenter. The active area center dictates impingement-
current collecting area was 1.0 Zand was swept on limited perveance and electron backstreaming limits
an arc through the grid center with an arc radius of 27.®ecause both performance parameters are strong
cm. The probe was biased negative with respect tfinctions of the peak beam current density. Beam
beam plasma potential to repel electrons and waseurrent densities for the NSTAR thruster are peaked
grounded through a resistor that acted as a shunt figar the active area center, as demonstrated in Fig. 7.

measure collected currents. The maximum current per aperture is given by the
Two tests were conducted. Both tests werePerveance equation:

designed to measure optics performance. During the nz 20 2

first test, the thruster was step-ramped from low to high J, =—— D{— ve % (11)

power at the nominal NSTAR power levels of THO, 9 m; le

TH4, TH8, TH10, TH11, and TH15, which where:®
corresponded to nominal thruster input powers,
voltages, beam currents, neutralizer currents, and xenon l, = \/(|g +ts)2 +%§ . 12)
flows listed in Table 2 (a complete listing of NSTAR 2
power levels can be found in ref. 14). At each poweHere, Jis the beamlet current,sis the permittivity of
level, grid performance parameters such agree space (8.88.0%2 CYN-nf), q is the charge, nis
impingement-limited perveance, electron the jon mass, Ms the total voltage,lis the effective
backstreaming limit, and beam current densityacceleration length,sds the screen aperture diameter, t
distribution, as well as other thruster performances the screen grid thickness, agdslthe hot gap, which
parameters, were measured. will be assumed to be the cold gap. Since beam current
During the second test, the thruster was startedensity profiles for both molybdenum and titanium are
from room temperature and immediately brought up taapproximately the same, as demonstrated in Fig. 7 at

full power (i.e. NSTAR power level TH15). The 2.3 kw, the beamlet currents for both grid materials can
electron backstreaming limit was then monitored as @e equated. It can, therefore, be shown that:

function of time. Since the electron backstreaming limit

4
is a strong function of the hot grid gap, this (AL B 92"0 B
backstreaming limit was used to determine optics THme gm0 (13)

VMO
thermal behavior. _ ot _ .
Using nominal NSTAR dimensions for the
Results and Discussions molybdenum optics and the measured dimensions for

the titanium optics, a voltage ratio of 1.11 is calculated,

The 30 cm titanium optics on the NSTAR ion Which is similar to those measured in Table 3.
thruster operated successfully over the entre NSTAR ~ Using a semi-empirical equation derived by
power range. Thruster behavior was nominal with araufman to solve for the magnitude of the electron
average high voltage recycle rate of less than tw®ackstreaming limit voltage!
0.2[V,

recycles per hour during steady-state operation. | | - (14)
Impingement-limited perveance and electron a . t,
backstreaming limit voltages for titanium optics are d@?xr%%
a a

listed in Table 3 with results from molybdenum optics
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where \4 is the accelerator voltage, id the accelerator was set to 2.3 kW immediately following ignition from
aperture diameter, and, tis the accelerator grid room temperature. The electron backstreaming limit
thickness. By noting that the accelerator aperture/oltage is a function of grid gap, therefore, the time
diameters and thicknesses are approximately equal feequired for this limit voltage to stabilize approximates
both materials, it can be shown that: the time required for the electrodes to achieve thermal
vT| Mo equilibrium. The data in Fig. 8 for both molybdenum
fAO £ (15) and titanium optics show that the screen grid heats up
Va much faster than the accelerator grid, probably because
The above equation yields an accelerator voltage ratithe screen grid has a considerably smaller thermal mass
of 0.90, which is similar to the measured values imand is enclosed within the thruster. As a result, the
Table 3. Both this result and that for the impingementscreen grid dome height initially increases more than
limited perveance indicate that reducing the titaniunthat of the accelerator grid, thereby reducing the hot
optics’ cold gap at the active area center to the nomingap, especially at the grid center. Further heating
NSTAR gap should eliminate these differences. increases the accelerator grid height until the hot gap
Comparisons of accelerator-to-beam current andtabilizes and thermal equilibrium is achieved. Fig. 8
discharge losses for titanium and molybdenum opticshows that the titanium optics achieved thermal
are listed in Table 4. As the table shows, accelerataequilibrium about 10 minutes faster than molybdenum
currents for titanium optics were 1.2x higher than thoseptics.
for molybdenum grids. The higher accelerator currents  Future work should include reducing the grid gap
for the titanium optics were likely caused by anat the active area center and repeating the
increased direct ion impingement. This increased directforementioned tests. Since titanium’s  higher
impingement was likely the result of: 1) the titaniumthermally-induced grid deformation can affect beam
optics tested were new while the molybdenum opticslivergence and thrust, far-field beam current densities
used for comparison had been operated for some tim@nd thrust should be measured. To address grid
and were “burned-in"; and 2) poor optics alignment.movement from vibration-induced stresses, titanium
Regarding the former cause, new optics tend to haveptics should be vibration-tested. Fabrication issues
higher-than-normal impingement currents. Aftersuch as the slightly non-circular accelerator grid
accumulating some operating time, accelerator grigipertures should also be investigated. Finally, titanium
apertures become sputter-eroded, and the impingemeamptics should be wear-tested on a 30 cm ion thruster to
current tends to decrease rapidly. This is demonstratatemonstrate improved total impulse capability.
in ref. 3 and 18, where NSTAR thruster accelerator
currents decreased by as much as 50% within the first Conclusions
1500 hours of life testing, after which they remained
nearly constant. Unfortunately, no impingement current A development effort was initiated to identify a
data for new molybdenum optics at similar backgroundnaterial with a lower accelerator grid volumetric
pressures and operating conditions were available faputter erosion rate than molybdenum, but that could
comparison. utilize the present NSTAR thruster grid design and
Table 4 also shows that discharge losses fofabrication techniques to keep development costs low,
titanium grids were 0.9x those for molybdenum. Thisand perform as well as molybdenum optics. After
improvement was likely due to the slightly larger having compared the sputter erosion rates of several
titanium screen grid open area fraction. atomic materials to that of molybdenum at typical
Radial distributions of beam current density with accelerator voltages, titanium was found to offer a 45%
titanium optics were very similar to those with reduction in volumetric erosion rates and could be made
molybdenum optics at all power levels. This iswith the existing grid fabrication process.
demonstrated in Fig. 7, which compares radial beam To ensure that screen grid sputter erosion rates
current density distributions for both titanium andwould not limit thruster total impulse capability,
molybdenum optics at 2.3 kW (i.e. a beam current ofrosion rate measurements were made on titanium and
1.76 A). Table 3 also shows that the peak beam curremtolybdenum samples in a simple xenon discharge.
densities for both titanium and molybdenum opticsPreliminary results showed only a slightly higher
were very similar. No radial beam current densityvolumetric erosion rate for titanium, so that screen grid
distribution gave any indication of thermally-induced erosion is insignificant.
buckling. A number of material, thermal, and mechanical
Fig. 8 shows the electron backstreaming limitproperties were also examined to identify any
voltage difference (i.e. the temporal value minus thedabrication, launch environment, and thruster operation
final equilibrium value) as a function of time for both issues. Titanium was found to come in larger sheet
titanium and molybdenum optics, where the thrustewidths than molybdenum so that larger diameter optics

Ti
le
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Table 1. Material properties for molybdenum and titanium.

Material Property Molybdenufn Titaniun?
Atomic Mass, amy 95.94 47.90
Density, gm/cr 10.22 4,51
Thermal Properties
Melting Point, °C 2610 1650-1670
Thermal Conductivity, W/m-K 145 (0 °C) 17.4 (20 °C)
136 (200 °C) 16.9 (205 °C)
128 (400 °C) 17.3 (425 °C)
Thermal Expansiorym/m-K 5.1 9.2
(20-540 °C) (0-540 °C)
Total Hemispherical Emittance 0.08 (200 °C) 0.30 (200 °C)
0.09 (400 °C) 0.30 (400 °C)
0.11 (600 °C) 0.31 (600 °C)
Electrical Properties
Resistivity 1Q-cm) 5.2 (0 °C) 42.0 (20 °C)
11 (200 °C) 82 (200 °C)
15 (400 °C) 114 (400 °C)
Magnetic Properties
Magnetic Susceptibility at 20 °Q, 120x10° 180x10°
mks
Mechanical Properties
Elastic Modulus, GPa (£si) 324 (47) 104 (15.1)
Tensile Strengtli,MPa (ksi) 795 (115) 552 (80.0)
Yield Strength @ 0.2% Offsét 655 (95) 483 (70.0)
MPa (ksi)
Elongation (%) 5-6 15
Poisson's Ratio (25 °Q) 0.32 0.34-0.40

*Molybdenum material properties are for the stress-relieved condition; data from ref. 19 and 20.
PTitanium and niobium properties are for the annealed condition; data from ref. 19 and 21.
“Ultimate tensile and yield strength properties are minimum required values.

Table 2. Nominal thruster operating parameters.

NSTAR Input Beam Beam Accelerator Neutralizer  Main Discharge Neutralizer
Power | Power® Current, Voltage® Voltage® V Keeper Flow, Cathode Flow,
Level kw A \Y ge, Current, A sccm  Flow, sccm sccm
THO 0.5 0.51 650 -150 2.0 5.98 2.47 2.40
TH4 1.0 0.71 1100 -150 2.0 8.30 2.47 2.40
TH8 1.4 1.10 1100 -180 15 14.4 2.47 2.40
TH10 1.7 1.30 1100 -180 15 17.2 2.56 2.49
TH11 1.8 1.40 1100 -180 15 18.5 2.72 2.65
TH15 2.3 1.76 1100 -180 15 23.4 3.70 3.60
Nominal values.

PPower supply voltage.

“When starting the thruster from a cold condition, accelerator voltage is initially set to -250 V for 2 hours to
prevent electron backstreaming from transient heating of the optics.
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Table 3. Titanium and molybdenum optics performance.

NSTAR | Beam Peak Bea”? Impingement-Limited Total  Electron Backstreaming
Current Density, -
Power | Current, ) Voltage, V Limit, V

Level A mA/C : b Tipn oM . b Tin M
Ti Mo ? Ti Mo Vi've'e i Mo va'/va'®
THO 0.50 29 3.2 750 660 1.14 -60 -66 0.91
TH4 0.71 4.0 4.1 840 740 1.14 -111 -121 0.92
TH8 1.10 5.4 5.6 990 860 1.15 -125 -134 0.93
TH10 1.30 5.9 6.2 1035 920 1.13 -128 -140 0.91

TH11 1.40 6.2 - 1070 - - -133 - -

TH15 1.76 6.8 7.0 1170 1050 1.11 -143 -154 0.93

#Data from same engineering model thruster with NSTAR molybdenum grids operated in Vacuum Facility 5.
®Data from ref. 14, Flight Thruster 1, first functional test at GRC.

Table 4. lon thruster test results with titanium and molybdenum optics at similar background pressures.

NSTAR | Beam Accelerator Accelerator-to-Beam .

Power | Current, Current, Current, % Discharge LosseSW/A

Level A mA Ti Mo® TiMo i Mo® Ti/Mo
THO 0.50 2.2 0.44 - - 241 268 0.90
TH4 0.71 3.0 0.42 0.34 1.24 222 252 0.88
THS8 1.10 5.7 0.52 0.43 1.21 198 218 0.91
TH10 1.30 7.0 0.54 0.46 1.17 189 - -
TH11 1.40 8.4 0.60 - - 189 - -
TH15 1.76 11.3 0.64 0.52 1.23 188 207 0.91

2Assume only singly-charged ions.

PData from same engineering model thruster with NSTAR molybdenum grids operated in Vacuum Facility 5 at
similar background pressures.

“Data from same engineering model thruster with new NSTAR molybdenum grids operated in Vacuum Facility
5.
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Fig. 1. Erosion ratios of various materials as a function of xenon ion energy. Data from ref. 6 and 7.
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Fig. 2. Experimental setup for measurements of low energy sputter erosion rates.

Fig. 3. Photograph of titanium grids with and without the thruster mounting ring.
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Fig. 4. Titanium optics installed onto an NSTAR engineering model ion thruster.
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Fig. 5. Impingement-limited perveance voltage (i.e. total voltage) as a function of beam current. Molybdenum
optics test results are from NSTAR optics operated on the same engineering model thruster.
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Fig. 7. Beam current density profiles for both titanium and molybdenum optics at a 1.76 A beam current and
a 2.3 kW nominal input power. Molybdenum optics test results are from NSTAR optics operated on the same
engineering model thruster.
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function of elapsed time for titanium and molybdenum optics at a 2.3 kW nominal input power. Molybdenum
optics test results are from Flight Thruster 1 optics of ref. 14.
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